Abstract-The upgrade of the Large Hadron Collider (LHC) experiments at CERN sets new challenges for the powering of the detectors. One of the powering schemes under study is based on DC-DC buck converters mounted on the front-end modules. The hard environmental conditions impose strict restrictions to the converters in terms of low volume, radiation and magnetic field tolerance. Furthermore, the noise emission of the switching converters must not affect the performance of the powered systems. A study of the sources and paths of noise of a synchronous buck converter has been made for identifying the critical parameters to reduce their emissions. As proof of principle, a converter was designed following the PCB layout considerations proposed and then used for powering a silicon strip module prototype for the ATLAS upgrade, in order to evaluate their compatibility.
I. INTRODUCTION
T HE Large Hadron Collider (LHC) at CERN is planned to be upgraded in the future to increase its luminosity. To cope with this, the resolution of the sub-detectors within each High Luminosity LHC (HLLHC) experiment must be improved through an increase of the number of sensors. Therefore the power consumption of the Front-End Electronics (FEE) will rise as well. The present powering scheme, based on DC power supplies located in radiation-free areas, approximately 100 meters far from the detectors, can not be used for the HLLHC due to the lack of space for running more power cables and its poor efficiency. One possible solution [1] under study is based on on-detector DC-DC converters [2] , which must be radiation [3] and magnetic field [4] tolerant. Furthermore, the converters must be as small as possible and must emit the lowest electromagnetic (EM) noise in order to power the sensitive FEE without perturbing their performance. Switching converter topologies as the DC-DC Buck allow the size reduction up to the desired level, but unfortunately they intrinsically generate electromagnetic interferences (EMI). On the other hand, these converters need an inductor for their operation, which must be air-core as any ferromagnetic material would saturate at the levels of magnetic field present in the LHC experiments (up to 4 Tesla). Due to the size constrain, the air-core inductor value can not exceed 500 nH. Therefore, for nominal input and output voltages of 10 V and 2.5 V respectively, the converter switching frequency must be of the order of few (1) (2) (3) (4) MHz for reducing the inductor current ripple to an acceptable value of 1-4 A (1). These constrains limit the noise reduction strategies.
This paper describes the design of a low noise DC-DC Buck converter able to power the sensitive electronics of the HLLHC experiments without deteriorating their performance. First, the EMI sources of a buck converter topology are identified and estimated. Afterwards, the impact of non-idealities of components and PCB traces are evaluated to see their repercussion on the noise emitted by the converter. Electromagnetic couplings between components are taken into account and strategies for reducing their impact through segregation and correct orientation of the passives are proposed. Finally, these design strategies are implemented in a buck converter prototype which is used for powering an ATLAS short-strip tracker module prototype. This system test demonstrates the feasibility of the use of a buck converter for powering FEE at the upgraded LHC experiments.
II. IDENTIFICATION OF THE CONVERTER'S SOURCES OF NOISE AND SELECTION OF THE INDUCTOR VALUE
The reduction of the converter's emissions requires the identification and understanding of the sources of noise. They are originated by means of the commutation and can be found through the analysis of the converter's operation. The basic schematic of a synchronous Buck converter is shown in Fig. 1 , where and are the two switches. Their alternating operation over a period (T) produces a rectangular voltage in the phase node . Its amplitude is equal to during conduction time and to zero otherwise ( Fig. 2(a) ). is then filtered by a low pass LC filter, producing an output DC voltage equal to the average value of the rectangular signal . The inductor current has a triangular shape, 0018-9499/$26.00 © 2011 IEEE corresponding to the sum of the currents through and (Fig. 1) . Its peak to peak value can be defined as:
( 1) and its minimum and maximum are and , respectively. A typical current is shown in Fig. 2(b) .
The AC content of the signals exiting the converter corresponds to the EM noise emitted. The latter is said to be "conducted" if propagated along the cables and "radiated" if propagated through the air. The conducted current can be decomposed into two auxiliary currents, known as differential mode (DM) and Common mode (CM). The DM current corresponds to the functional current for the converter, like . It enters and leaves the converter through the power and return cables with the same magnitude but opposite direction ( Fig. 3(a) ). The DM current can be reduced adding filters like the one of Fig. 3(b) at the input and output of the converter. On the other hand, CM current enters with the same magnitude through the power and return cables ( Fig. 3(a) ) and returns through earth with twice the magnitude. The CM current is not intended to be present, but it will be in any practical system. Common Mode chokes are normally used to decrease , but can not be used in our application as ferromagnetic materials saturate in the magnetic field. Another way for decreasing must be found. All the signals in the converter, including the noise, are originated by the current, the phase node voltage and their interaction with the passive components.
The AC part of and are identified as the noise sources of the converter. Their amplitude can be analyzed in the frequency domain by means of complex Fourier series, that decompose a periodic signal in an infinite sum of sinusoidal signals whose frequencies are integer multiples of the switching frequency (1/T). Each sinusoidal signal of frequency is said to be the harmonic signal of order n; the harmonic of frequency is said to be the fundamental. The amplitude of the n-th harmonic of is equal to as shown in (2) . Similarly, the magnitude of the n-th harmonic of is equal to , as in (3).
The amplitude of the noise voltage source (2) depends exclusively of and the duty cycle . The rise and fall times of a real phase voltage will produce lower amplitude at high frequency harmonics compared to those of (2) where they were assumed zero as a worst case consideration. This voltage noise is filtered by the output LC filter of the converter. If a reduction of the inductor is needed for decreasing the mass in the experiment, the filter performance may be kept unchanged augmenting the capacitance accordingly.
On the other hand, the noise current source (3) depends on the inductor value L (due to , , and ). The reduction of the noise emitted by this source must be achieved by means of the reduction of each of the harmonic currents as established by (3) . The magnitude of the first ten harmonics was computed for different inductance values for the particular case of , ,
, and output load of 2 A (Fig. 4) . It indicates that, for a given output current, the inductor value must be increased in order to reduce the input current noise amplitude. Unfortunately, size and material budget constrains limit the usable inductance volume, hence value, in our application. Therefore, the choice of inductor represents a compromise between material budget and noise degradation. Fig. 5 shows how the amplitude of the first three harmonics changes as a function of the inductance. From the noise point of view it seems not worth to increase the inductance above 500 nH (sacrificing volume and material). On the other hand, a decrease of the inductance below 500 nH reduces its size/volume at the penalty of more input current noise. For instance, decreasing the inductor from 500 nH to 250 nH results in a magnitude increase of 1% in the fundamental and 18% in the third harmonic. This increase is considered acceptable as this translates into an increase of maximum 10 mA per harmonic (which can be considerably reduced by the addition of a -filter). In summary, the useful value of inductor for our application varies from 250 nH to 500 nH. Along this paper, as the noise is tried to be minimized, a 500 nH inductor is going to be used.
III. IDENTIFICATION OF CRITICAL PARASITICS

A. Careful Selection of Components
The mitigation of the noise emitted by the converter must be firstly achieved minimizing the loops of the switching currents at the board layout level. Beyond this point, a further reduction of the emitted noise can be obtained by the correct selection of passive components. For instance, the performance of a filter can be dramatically reduced due to the non-idealities of its components, where special attention must be paid in minimizing the equivalent series inductance (ESL) of capacitors. Fig. 6 shows how the insertion loss of a filter ( Fig. 3(b) ) can be impaired by the increase of the capacitor's ESL. Furthermore, the magnetic coupling between components (like the coupling between the two capacitors) can affect the performance [5] as discussed in Section IV. Special attention in the placement of the capacitor must be paid as well, as the trace inductance contributes to the deterioration of the filter performance.
A converter with a schematic like the one of Fig. 7 has been manufactured using SMD (Surface Mount Devices) ceramic capacitors. The two switches have been integrated inside an application-specific integrated circuit (ASIC) (red dashed box), together with the PWM control circuitry (not shown in Fig. 7 ) [6] that provides the appropriate driving signals to and . The basic buck (dotted green box) has been enhanced through the addition of input and output filters (blue solid boxes) for reducing the DM switching noise. To evaluate the impact of the capacitor's non-idealities, of the input filter has been replaced by a tantalum capacitor of the same value, but higher ESL. As expected, the input DM noise increases considerably approaching the value of noise that would be obtained if the capacitor were removed (Fig. 8) . The selected tantalum capacitor had a 6 times higher ESL than the ceramic one, explaining the difference of noise at higher frequency. Similarly, the stronger difference at lower frequency (principally for the fundamental) is due to the larger equivalent series resistance (ESR) value of the tantalum capacitors.
Low ESL is therefore required to achieve low noise emissions. Low ESL capacitors are commonly available in the market place, within a given range of values and voltage ratings. To obtain larger capacitance values with further reduced ESL, other strategies as putting two capacitors of the same value in parallel can be used instead, [7] leading to an overall equivalent impedance of:
where is the mutual inductance between the ESLs of the capacitors and is the coupling coefficient . For decreasing the overall inductance, the capacitors must be placed in such a way that their currents (equal in magnitude) oppose and therefore their magnetic fields subtract (M negative). Ideally, this equivalent inductance could be made zero if the capacitors ESL are equal and tightly coupled . Nevertheless, in a real placement, the coupling factor between capacitors is always smaller than 1. Fig. 9 shows the coupling coefficient for two capacitors placed in different positions. For having a good coupling between them, they should be placed close together as in Fig. 9(a) , while for decreasing the coupling it is more effective to place them orthogonally rather than to augment their relative distance (Fig. 9(c) and (d) ). Using parallel capacitors for the input and output filters of Fig. 7 , the prototype illustrated in Fig. 10 was produced. The capacitors , and consisted each of two capacitors of 10 in parallel. Each pair of capacitors was placed to achieve a magnetic coupling of about 0.5 ( Fig. 9(b) ). First, the capacitors were put such that their current flowed in opposite directions and their magnetic fields subtracted (M negative). The input differential mode current for this configuration is compared in Fig. 11 to the case where the current in the 2 capacitors flowed in the same direction (M positive). The noise difference was up to 18 dB. 
B. Return Path Bouncing
The switching current , mainly provided by the decoupling capacitors, must return to the source through the return layer of the Printed Circuit Board (PCB) where the converter is built. This return plane is not a zero impedance path [8] , and therefore the time-varying currents will produce a voltage drop across the plane. Fig. 12 illustrates the self partial and mutual inductances of the traces and return path plane of a buck converter. The values of these parasitic inductances were estimated through a 3D parasitic extraction software (Ansoft Q3D) and then introduced in a circuit simulator for a parametric simulation (Ansoft Simplorer). Simulation shows that the net partial inductance associated to the piece of plane where returns to has a big impact on the common mode noise of the board. The lower this inductance, the lower the CM current and the magnetic field radiation. To reduce it, the decoupling capacitor should be placed as close as possible to the upper side switch and/or the PCB dielectric should be made thinner to increase the mutual inductance . The voltage drop in the parasitic inductance of the return path plane contributes to the deterioration of the CM noise, as it sets a voltage difference between the return nodes of the input and output connectors of the board. As it is impossible to make this inductance zero, a way of mitigating its impact is to place the input/output connectors close together and the ASIC further apart.
Two different PCB boards were designed based on the same schematic and components. They differed for the relative position of their input and output connectors that were placed either close to each other ( Fig. 13(a) ) or further away (Fig. 13(b) ) (the inductor is removed to show the PCB). The configuration with close connectors largely outperforms the other by up to 18 dB for the fundamental frequency (Fig. 14) .
IV. IDENTIFICATION OF NOISY COMPONENTS
As the size of the board is reduced, the couplings between the on-board passive components increase. While the magnetic coupling between some components can be useful to decrease the noise (Section III-A showed that for parallel capacitors), in other cases it can deteriorate the performance of the filters since a noisy component might couple magnetically its noise to other neighbors. To avoid this effect, noisy components must be identified [9] and segregated [10] .
With a 3D parasitic extraction software (Q3D) the mutual inductance between passive components of a converter (Fig. 15) were determined. Their values were then swept within a possible range through a parametric simulation to identify their impact on the overall noise performance.
The AC component of current is mainly provided by whilst the triangular current of the inductor flows in . These largely varying currents radiate a magnetic field that should not couple. These noisy components are highlighted inside red solid boxes in Fig. 16 .
On the other hand, , , and have much less current variations in time and can be seen as "quiet" components. In the event of noise coupling to any of those quiet components the noise is directly transferred at the output in the absence of any other filtering stage. Other than quiet, they are hence also susceptible components.
Through parametric simulations of the values obtained from the 3D parasitic extraction software, it was observed that couplings between noisy components could be tolerated, even though couplings between and can lead to an increase of the input noise (black dashed arrow Fig. 16 ).
Couplings between noisy and quiet components (illustrated as red solid arrows in Fig. 16 ) must be avoided. Finally, couplings between quiet components (blue dotted arrows) do not have a strong impact, but it is preferable to isolate the quiet components of the output filter to achieve the lowest output noise.
A. Segregation
Components identified as noisy should be isolated from the susceptible components and from the connectors linking the board with the outside world (power supply, load). An example is shown in Fig. 15 where , , have been isolated to the right end of the board.
Avoiding unwanted mutual inductance between components is better achieved by orthogonal placement (Fig. 9(d) ) rather than distance (which also translates in larger boards). If perpendicular orientation is not possible, placement with some angle (as at 45 in Fig. 15 ) also helps. Of course the reduction of ESL of each capacitor also contributes to lower mutual inductances. However, it is impossible to avoid all the magnetic field interactions and in particular those originated by the varying current in the large main coil . The choice of an appropriate inductor topology minimizing the emissions is mandatory.
B. Selection of the Main Inductor Topology
The main inductor is vital for filtering the rectangular phase node voltage and providing a DC voltage at the converter's output. Due to its triangular current, the inductor represents one of the main sources of magnetic field of the converter. Therefore, it is important to select an air core topology with enclosed AC magnetic field for not perturbing the sensitive FEE (nor the converter itself).
Air-core solenoid inductors are largely available in the market place. A 150 nH commercial solenoid of 8 mm long and 4 mm of diameter was simulated for 1 A of current with Ansoft Maxwell (Fig. 17(a) ) shows that the field lines are not only concentrated inside the coil but also all around it, with non-negligible levels within 3 cm in all directions. This intense and widespread magnetic field emission represents the main drawback of such inductors. To reduce their emission, a conductive shield surrounding the inductors can be added. Nevertheless, it must be oversized in order not to affect the inductance value, representing another drawback of the solenoid.
Toroidal inductors are known for having a better contained magnetic field. Ferromagnetic-core toroids are widely used as power inductors, contrary to their air-core counterparts. In order to evaluate them, custom air-core toroids have been produced. A custom 200 nH air-core inductor of diameter 6 mm and height 4 mm has been simulated in Maxwell 3D. Its magnetic field lines (Fig. 17(b) ) are better contained inside the coil than for the solenoid.
For having a comparative figure of merit of the magnetic field emissions of the two inductors, the magnetic induction along the -axis was simulated (Fig. 18) . The magnetic induction of the toroid resulted 10 times lower than the one of the solenoid close to the inductor, and even lower as the distance increases.
C. Phase Node Consideration and Shielding
The phase node ( in Fig. 1 ) has the highest time varying voltage (dv/dt) in the converter. Its surface must be kept as small as possible, in order to reduce the stray capacitance to ground plates outside the PCB. This is more critical in power converters like AC-DC half-bridge [11] , where the switches are typically mounted in the heat sink through a thin electrical insulating material. The unavoidable stray capacitance between the switch and the heat sink (connected to ground for safety reasons) closes the loop for the generation of CM currents. Even if the switches dimensions (and therefore, the stray capacitance values) are several time smaller in our converter, this certainly still represents an issue.
A shield can be used to reduce capacitive coupling between the phase node and the ground plane external to the board. For that, a good electrical contact between shield and return path must be insured. For achieving this in our prototypes, three metallic clips were used as mechanic support for the shield and their pad electrically connected to the return layer of the PCB (as shown in the schematic of Fig. 10 ). Fig. 19 shows the reduction achieved in the CM currents for a prototype working at 10 V after the addition of a 100 thick copper shield. When the shield is not present ( signal), the noise does not decrease with the frequency. This is due to the fact that the stray capacitances decrease their impedance with the increase of the frequency. The addition of the shield gives a new path to the current originated by the switching nodes, preventing the CM from being originated. As expected, the impact of the shield is higher as the frequency augments and attenuation of more than 10 dB can be reached. Nevertheless, the shield imposes a penalty to the material budget of the tracking detectors where the converters are going to be used (the mass of the tracker must be minimized, including the power converters used to power them).
V. MEASUREMENTS AND RESULTS
A 9 W converter prototype based on the simplified schematic of Fig. 10 was designed following the considerations described above. This buck converter (Fig. 20(a) ) provides an output regulated voltage of 2.5 V, for typical input voltages of 8-14 V. The nominal operation of the converter is 10 V at the input, 2.5 V and 1 A at the output with an efficiency of around 80%. The switching frequency is 3 MHz, the main inductor has an inductance of 500 nH and,therefore, a peak to peak current of 1.25 A.
The noise of the shielded converter ( Fig. 20(b) ) was measured under nominal conditions at the measuring port of a line impedance stabilization network (LISN) [12] . The measurements were based on CISPR11 standard [13] , using an EMI Test Receiver (R&S ESPI3) with maximum peak detector (for achieving a worst-case condition).
The voltage at the Line port of the LISN, representing the voltage drop induced by sum of CM and DM currents on the 
LISN impedance
, is shown in Fig. 21(a) . Just three harmonics overhang the noise floor of the EMI receiver, with a maximum value for the fundamental of 28 (25 ) . Similarly, the voltage on the Neutral port of the LISN (corresponding to the difference of CM and DM currents times the LISN impedance, ) was measured. The Neutral voltage has a maximum value of 23 (14 ) for the fundamental frequency as shown in Fig. 21(b) .
The measured noise performance, compatible with class B of CISPR11 standard [13] , is considered sufficiently low to try powering representative detector modules for the LHC upgrades. This test should evidence if the use of DCDC converters is compatible with the strict noise requirements of the aimed application.
A. Compatibility Test With an ATLAS Tracker Module
A prototype module for the short-strip detector of the ATLAS HLLHC [14] is used for the compatibility test. A single module (Fig. 22) consists of two silicon microstrip sensors and four kapton multi-layer hybrid flex circuits, arranged in two sides. Each hybrid holds two rows of 10 ABCN FE ASICs [15] of 128 readout channels bonded to a strip of the silicon sensor for readout purpose.
For evaluating the performance of the module, the FE ASIC has an internal calibration circuit which allows the simulation of a hit in a strip by the injection of test charges of selectable amplitude. Through a three point gain scan [16] it is possible to obtain the corresponding input noise (Equivalent Noise Charge or ENC) as a function of channel number. The compatibility between a converter and a module can be considered achieved if the input noise of a module powered by the converter is the same as the one obtained when power is provided by a linear power supply. Fig. 23(b) shows the equivalent input noise obtained for a row of ten ASICs when powering a module prototype of the University of Geneva (Fig. 23(a) ) with a linear power supply. The mean ENC value is close to 556 electrons at 1 fC of injected charge.
Afterwards, the equivalent input noise of the module was measured in the same conditions with power provided by DC-DC converter prototypes. Two converters (Fig. 20(b) ) were needed as this module uses separated power inputs for analog and digital circuitry (1 A and 3 A respectively). Those converters were placed more than 15 cm far from the hybrid in order to prevent electromagnetic couplings. Any deterioration of the module performance would hence be attributed to conductive noise from the converter. The obtained input noise of 554 electrons (Fig. 23(c) ) is identical to the one measured with linear power supply.
Because of the extremely compact design of the real strip detector implementation, converters will necessarily be placed much closer to the module and electromagnetic couplings could potentially affect the performance. For this reason, measurements were repeated with the converters put at 2 cm from the module (as shown in Fig. 23(a) ), on top of a black plastic cover that prevented the light from reaching the silicon strips and disturb the measurements. In such a close proximity ("worst case"), electromagnetic coupling with the FE ASIC and sensor could affect and impair the performance of the module. Nevertheless, the equivalent input noise did not change, as shown in Fig. 23 , confirming the full EMI compatibility of the developed converter.
VI. CONCLUSION
The LHC upgrade (HLLHC) requires a new powering scheme for the electronics inside the experiments. One possible solution is based on DC-DC converters mounted on the FE modules, which must be radiation and magnetic field tolerant. These switching converters intrinsically emit EMI that may degrade the performance of the FEE. Along this paper, different design strategies for reducing the emitted noise were proposed.
The reduction of emissions for all or some harmonics was proved to be possible knowing the sources of noise. This is particularly important if the FEE is known to be sensitive to EMI in a certain frequency range.
Non-idealities of components and board traces have negative impact in emissions, which get stronger as the frequency augments. Similarly, EM couplings between components may impair the performance of the filters. Careful selection and segregation of the components are strategies that, done at an early stage, can help to decrease considerably the EM emissions.
Converter prototypes, implemented following the above design strategies, were used to power a short-strip module prototype for the ATLAS HLLHC upgrade. The performance of the system was not affected while powering with DC-DC converters, even when placed at close proximity ("worst case"). DC-DC converters represent a feasible solution for powering FE electronics while appropriate precautions are taken.
